The development of dendritic metal ion carrier systems for use in a biological environment is a challenging task as the carrier system must possess multiple features (e.g. a protective shell for metal decomplexation, targeting functions, metal-intradendrimer complexes, etc.) to substitute for the function of metal proteins in processes such as copper metabolism. Thus, Cu(II) complexation by a series of poly(propyleneimine) glycodendrimers ranging up to the fifth generation that have either a dense maltose or maltotriose shell was investigated by UV/Vis spectroscopy and electron paramagnetic resonance (EPR). As a necessary step towards potential biological application, we elucidated the complexation capacity, location of the Cu(II)-dendrimer complexes and the Cu(II) coordination sphere in the dendritic environment. A generation-dependent Cu(II) complexation was found. Furthermore, analysis of the EPR spectra revealed that internal and external Cu(II) coordination and the symmetry (axial and rhombic) of the generated complexes depend on the oligosaccharide shell, dendrimer generation and the relative concentrations of Cu(II) and the dendrimers. Both axial and rhombic symmetries are generation dependent, but also distort with increasing generation number. External coordination of Cu(II) is supported by sugar groups and water molecules. Finally, a third-generation dendrimer with a maltose shell was used to explore the general complexation behaviour of the dendritic poly(propyleneimine) scaffold towards different metal ions [Cu(II), Ag(I), VO(IV), Ni(II), Eu(III) and UO 2 (VI)].
Introduction
The need to increase our fundamental understanding of highly branched architecture, as well as its promising potential for material and life science applications, motivates intensive research efforts in the expanding field of dendrimer chemistry (Bosman et al. 1999; Boas & Heegaard 2004; Lee et al. 2005; Agarwal et al. 2008; Hwang et al. 2008) . This focus on dendrimers, large molecules with precise (macro)molecular structures, is due to their availability and outstanding/unusual properties that make them suitable for a broad range of applications. One challenging aspect of dendrimer chemistry is the complexation/coordination of metal ions by central core units (Saudan et al. 2004) , interior and exterior branches (Bosman et al. 1997; Diallo et al. 2004) and complexing units in the outer shell (Wiener et al. 1996) . Thus, work on dendrimers contributes significantly to the metal complexation field (Crooks et al. 2001a,b) , which includes recycling and separation (de Jesus & Flores 2008) , magnetic resonance imaging (Venditto et al. 2005) , catalysis (Reek et al. 2006) , sensing (Astruc et al. 2008) and organic light emitting diodes (Hwang et al. 2008) .
Recent studies have focused on using dendrimers as metal carrier systems for therapeutic and diagnostic applications in biological environments. First, in vitro and in vivo trials have successfully demonstrated the transfection of dendrimer-stabilized metal nanoparticles that can serve as biomarkers of cellular trafficking, target cancer cells and aid imaging (Lesniak et al. 2005; Shi et al. 2007) . Additionally, the accumulation of dendrimers without targeting properties in various organs has also been reported (Minchin 2008) . Despite these findings, however, the use of dendrimers as metal ion carriers for such applications requires further structural improvements, allowing only metal ionintradendrimer complexes to exist in order to avoid decomplexation processes easily initiated by, for example, enzymes and proteins in vivo. The wellestablished unmodified poly(amidoamine) (PAMAM) (Crooks et al. 2001a,b; Diallo et al. 2008) and poly(propyleneimine) (PPI) (Bosman et al. 1997) dendrimers are known to complex with a variety of metal ions in organic and aqueous solution, but these complexations preferably take place on the dendrimer surface. Such metal ion complexes will be destroyed by proteins and bio-active compounds that detoxify cells. Thus, these dendrimers are not suited for use as artificial proteins for metal ion transport in intracellular traffic. Thus, multifunctional dendrimers, capable of forming metal ion-intradendrimer complexes, performing targeting functions, possessing a protective shell for decomplexation and so on, are necessary to substitute for metal-protein functions in copper metabolism (e.g. Kodama & Fujisawa 2008) . Owing to their well-defined oligosaccharide protection, dense-shell dendrimers may fulfil these criteria for use as metal ion carriers for biological applications (Appelhans et al. 2007 ). Here, we have undertaken further efforts to synthesize and characterize large glycodendrimers, ranging up to the fifth generation, with a dense maltose shell (Klajnert et al. 2008) . We investigate their metal ion complexation capacity compared with first-and second-generation glycodendrimers with dense maltose shells (Appelhans et al. 2007) . Based on our preliminary Cu(II) complexation study (Appelhans et al. 2007) , we expected to find a preference for Cu(II)-intradendrimer complexes. fourth-generation PPI dendrimer 7 with 64 maltotriose units reaction condition (i): DAB-Am8, DAB-Am16, DAB-Am32 or DAB-Am64 with maltose monohydrate or maltotriose (ratio NH 2 /oligosaccharide 1 : 5 -1 : 24)/BH 2 *Py complex in Na borate solution at 50°C for 7 days followed by dialysis in distilled water and freeze drying Scheme 1. Synthetic scheme of the preparation of second-to fifth-generation PPI dendrimers 1-4 with maltose and 5-8 with maltotriose shell and structure of fourth-generation PPI dendrimer 7.
The aim of our work is to study the generation-dependent metal ion complexation capacity of higher generation PPI glycodendrimers with dense oligosaccharide shells. We therefore identify, quantify and characterize preferred metal ion-intradendrimer complexes. Furthermore, we determine whether an extended dendritic PPI scaffold surrounded by a dense oligosaccharide shell is able to undergo the desired metal ion complexation in aqueous solution preferably governed by tertiary amino groups and whether oligosaccharide shells affect internal or external metal ion complexation in the dendrimer sphere. To the best of our knowledge, glycodendrimers are mainly used as carrier systems for drugs, molecular recognition of surfaces of biologically active macromolecules and systems and the stabilization of Au and Ag nanoparticles, but not for the transport of metal ions in cellular uptake, including the targeting of specific cellular locations.
Here we report on the synthesis and characterization of maltotriose-modified third-to fifth-generation PPI dendrimers using a series of glycodendrimers ranging up to the fifth generation (scheme 1) that possess either a dense maltose or maltotriose shell. This should enable the development of dendritic carrier systems without a coupled metal ligand to be used as metal ion carriers in a biological environment. In this context, the Cu(II) complexation of the dense shell glycodendrimers was studied by UV/Vis spectroscopy, and further details about the location and coordination of generation-dependent Cu(II)-dendrimer complexes were revealed by electron paramagnetic resonance (EPR). Computer-aided analysis of EPR spectra has already been demonstrated to be a very powerful tool to study dendrimer structure and the complexation ability of different external and internal dendrimer sites (Ottaviani et al. 1994 (Ottaviani et al. , 1997 (Ottaviani et al. , 2000 (Ottaviani et al. , 2002 . In particular, knowledge about the location of the Cu(II) complexes within the dendritic structure is important for use of glycodendrimers as metal ion carriers in a biological environment. Finally, a third-generation PPI dendrimer with a maltose shell was selected as a potential representative of large glycodendrimers to study complexation behaviour towards different metal ions [UO 2 (VI), Eu(III), VO(IV), Cu(II), Ag(I), Ni(II)].
Experimental section (a) Materials
Poly(propyleneimine) (PPI) dendrimers of second (DAB-Am8), third (DABAm16), fourth (DAB-Am32) and fifth generations (DAB-Am62) were supplied by SyMO-Chem (Eindhoven, The Netherlands). Maltose monohydrate (Mal), maltotriose (Mal-III), sodium borate (Na borate) and the borane pyridine complex (BH 3 *Py, 8 M solution in THF) were used as purchased from Fluka. EuCl 3 *6H 2 O (Eu(III), 99.9%, Janssen), VOSO 4 *3H 2 O (VO(IV), Aldrich), UO 2 (CH 3 COO) 2 *2H 2 O (UO 2 (VI), 98%, Chemapol), AgNO 3 (Ag(I), purissimum, VEB Feinchemie Sebnitz), CuSO 4 *5H 2 O (Cu(II), p.A., VEB Laborchemie Apolda) and Ni(CH 3 COO) 2 *4H 2 O (Ni(II), 99%, Fluka) were used as received. Water was purified after reverse osmosis (Milli RO 5, Millipore, USA) using a MilliQ+ system (Millipore) to give a conductivity of 18.2 MΩ cm −1 .
(b) Characterization of dendrimers NMR measurements were carried out on a Bruker DRX 500 NMR spectrometer operating at 500.13 MHz for 1 H and at 125.75 MHz for 13 C using D 2 O as a solvent. Sodium 3-(trimethylsilyl)-3,3,2,2-tetradeuteropropionate was added for internal calibration (δ ( 13 C) = 0 ppm and δ ( 1 H) = 0 ppm). Signal assignments were performed by a combination of 1D and 2D NMR experiments using the standard pulse sequences provided by Bruker. IR investigations were carried out on a Bruker IFS66 spectrometer equipped with a heatable Golden Gate Diamond ATR-Unit (Specac). One hundred scans for one spectrum were added at a spectral resolution of 4 cm −1 . Laser-induced liquid bead ion/desorption mass spectrometry (LILBID-MS) was used to determine the molar mass of 6-8. The method is described elsewhere (Morgner et al. 2006) . Dendrimer samples were prepared in aqueous solution with concentrations between 1 × 10 −6 and 5 × 10 −6 M for 6-8. All measurements were performed in anionic or cationic mode. The instrument was calibrated with bovine serum albumin. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS): a Bruker Reflex III instrument (Bruker Daltonik GmbH, Bremen, Germany), equipped with a nitrogen laser (337 nm), working in a linear mode at an acceleration voltage of 20 kV was used. Approximately 10 mg of α-cyanocinnamic acid dissolved in 1 ml methanol (MeOH) was used as a matrix. The sample concentration was 2 mg ml −1 (in MeOH). Both solutions were mixed in a ratio of 50/20 (v/v) prior to deposition (1 μl) on the MALDI target. Typically, 200 shots were accumulated for one spectrum. The instrument was calibrated with biopolymer standards.
(c) Synthesis of maltose-modified poly(propyleneimine) dendrimers
Maltose-modified second-generation PPI (1) was synthesized according to the literature (Appelhans et al. 2007) . Maltose-modified third-to fifthgeneration PPI dendrimers (2-4) were synthesized according to the literature (Klajnert et al. 2008) .
(d) Synthesis of maltotriose-modified poly(propyleneimine) dendrimers
Maltotriose-modified second-generation PPI (5) was synthesized according to the literature (Appelhans et al. 2007 ).
(i) Maltotriose-modified third-generation poly(propyleneimine) (6) Third-generation PPI dendrimer (DAB-Am16) (0.2 g, 1.186 × 10 −4 mol), maltotriose (9.57 g, 19 mmol) and borane-pyridine complex (2.37 ml, 19 mmol, 8 M solution) were taken up in a sodium borate buffer (25 ml, 0.1 M). The reaction solution was stirred at 50
• C for 7 days. Then, the crude product was purified by dialysis with deionized water for 3 days; 6 was obtained from freeze drying. relating to 32 maltotriose units connected to the surface of third-generation PPI dendrimer DAB-Am16); m/z = 16 400
(ii) Maltotriose-modified fourth-generation poly(propyleneimine) (7 )
The same reaction conditions and working procedures as for the synthesis of 6 were used to isolate 1.26 g (82%) of 7 as a solid using fourth-generation PPI dendrimer (DAB-Am32) (0.2 g, 5.691 × 10 −5 mol) and maltotriose (4.59 g; 9.1 mmol relating to 128 maltotriose units connected to the surface of fifth-generation PPI dendrimer DAB-Am64); m/z = 58 000
(e) Metal ion complexation by UV/Vis spectroscopy UV/Vis spectra were recorded at room temperature (22 ± 2 • C) on a Lambda 800 spectrophotometer (Perkin-Elmer, Germany). Slit width was 1 nm. Titration experiments of dendrimer 2 with the different transition metal salts (starting volume 2.5 ml) were carried out at room temperature (22 ± 2
• C) in a sealed cuvette (quartz glass suprasil, thickness d indicated at the legends, Hellma, Germany) by stepwise addition (gas-tight microlitre syringe, through the serum cap) of appropriate amounts of a concentrated metal salt solution in water. At the end of the titration, dendrimer 2 was diluted by approximately 30 per cent of the starting volume. For each metal salt concentration, the spectra were corrected for the dilution by applying the appropriate factor. Cu(II) titration experiments with higher glycodendrimer generations were carried out according to our previous report (Appelhans et al. 2007) . Dendrimer concentrations are mentioned in the figures as M. The solid glycodendrimers were dried under a vacuum at 50
• C overnight and stored at 4-8 • C prior to use. The drying process for the glycodendrimers was also used before starting the EPR study.
(f ) Cu(II ) complexation by electron paramagnetic resonance experiments (i) Sample preparation
Both dendrimers and copper nitrate hydrate (Cu(NO 3 ) 2 * 2.5H 2 O, SigmaAldrich, ACS reagent 98%) were dissolved in deionized water. The concentration of dendrimers was 0.1 M in the external surface groups (each generation, the dendrimer concentration was multiplied by the number of surface groups), whereas the concentration of Cu(II) was varied from 0.01 to 0.1 M. The molecular weights of the glycodendrimers and the molar ratios between [Cu(II)] and [glycodendrimers] for the starting and final concentrations of Cu(II) are shown in the electronic supplementary material. After different equilibration times (freshly prepared to 24 h), 100 μl of the dendrimer-copper solution was inserted into an EPR tube (1 mm internal diameter). In all cases, reproducibility of the results was controlled by repeating the EPR analysis three times under identical experimental conditions for each sample.
(ii) Method EPR spectra were recorded by means of an EMX-Bruker spectrometer operating at the X-band (9.5 GHz) and interfaced with a PC (software from Bruker for handling and analysis of the EPR spectra). The temperature was controlled with a Bruker ST3000 variable temperature assembly cooled with liquid nitrogen. EPR spectra were recorded for the different samples as a function of temperature (in the room temperature range, from 318 K down to 250 K; then, directly at 150 K).
(iii) Computation of electron paramagnetic resonance spectra
The low-temperature EPR spectra were computed by using Bruker's WIN-EPR SIMFONIA Software v. 1.25 and by the method reported in Bennett et al. (2002) . The parameters used for computation were the g ii components (accuracy in the third decimal, on the basis of the computation itself) for the coupling between the electron spin and the magnetic field; the A ii components (accuracy of approx. 3%) for the coupling between the electron spin and the nuclear spin (I Cu = 3/2) and the line widths of the x-, y-and z-lines. Transitions where M I # 0 were not included in the simulations. A and g were assumed to have the same principal axes, and a Gaussian line shape was used. The values of the g and A parameters giving the best agreement with the experimental data were found by trial and error. In most cases, the spectra were constituted by several components owing to different coordination and complex geometries of Cu(II) in the dendrimer structure. In some cases, the subtraction between the spectra in different experimental conditions allowed the extraction of the signals constituting the overall spectra. In all cases, we tried to fit the experimental signal by adding a maximum of two computed components, reproducing the main spectral features. However, the different components either extracted by subtraction or computed were normalized and then integrated twice to calculate the integral area, which was used to calculate the relative intensities of the components. This means that both by the subtraction procedure for experimental spectra and by adding computed components to fit the experimental spectra relative percentages of the different components were obtained with an accuracy of 3 per cent. We noted that simulations of observed EPR signals provide a useful means of estimating the spectral parameters, but do not necessarily produce unique fits. However, we trusted the parameters that provided the best fit of a series of spectra under similar experimental conditions.
Results and discussion

(a) Glycodendrimers
To study glycodendrimer metal ion complexation by UV/Vis spectroscopy and EPR, second-to fifth-generation PPI dendrimers were selected for decoration with a dense maltose and maltotriose shell (scheme 1). Reductive amination, a wellestablished synthetic method, was used to introduce various (oligo-)saccharide units in order to obtain glycodendrimers 1-4 with a dense maltose shell and a Determined by 1 H NMR using the integral ratio of the anomeric CH group signal of maltotriose to that of the internal -CH 2 CH 2 CH 2 groups of the dendritic PPI matrix taking into account the PPI generation (estimated error: ±2%); number in brackets represents the theoretical value for 100% conversion of amino functionalities.
5-8 with a dense maltotriose shell (scheme 1). In addition to using previously described glycodendrimers 1-5 (Appelhans et al. 2007; Klajnert et al. 2008) , the third-to fifth-generation PPI dendrimers 6-8 with a dense maltotriose shell had to be synthesized. Surprisingly, we were able to synthesize glycodendrimers 6-8 using the same reaction conditions and working procedures as reported for glycodendrimers 1-5 (scheme 1) (Appelhans et al. 2007; Klajnert et al. 2008) .
The results of the reductive amination of the dendrimers 6-8 (scheme 1) are summarized in table 1. Dendrimers 6-8 were characterized using NMR, IR, MALDI-TOF-MS and LILBID-MS. Structural characterization of 6-8 was performed to determine the preferred conversion of the surface amino groups of the parent amino-terminated third-to fifth-generation PPI dendrimers with the bulky maltotriose units. The chemical structure of the maltotriose-modified PPI dendrimers 6-8 was determined by 13 C NMR investigation. As a representative example, the 13 C NMR spectrum of the fourth-generation PPI dendrimer 7 is presented in figure 1 . Generally, the spectra are characterized by broadened signals for the PPI core, whereas the signals of the middle and terminal glucose units are narrow. The signals of the reacted α-glucose unit are broadened, and only the main signals are assignable. The 13 C NMR spectra also did not detect any unsubstituted PPI terminal amino groups, as indicated by the absence of signals in the 40-43 ppm region. On the other hand, the presence of monosubstituted terminal amino groups of the PPIs is indicated by signals with low intensity in the 48-50 ppm region (e.g. n in figure 1). A previously described method (Appelhans et al. 2007 ) was used to calculate the degree of PPI substitution by 1 H NMR. The signal intensity of the anomeric CH group of the maltotriose (4.9-5.6 ppm) was related to that of the internal CH 2 groups of the dendritic PPI matrix (1.2-2.2 ppm), taking into account the different generations. Within the limits of this method, we found that 80 per cent (8), 86 per cent (7) and 94 per cent (6) of the NH 2 functionalities were converted with maltotriose ( chemically coupled maltotriose units on the dendrimer surfaces was achieved using LILBID-MS and MALDI-TOF-MS. The mass spectrum of 7 obtained by LILBID-MS is presented in figure 2 . The mass spectrometry results (table 1) confirmed the degree of substitution by maltotriose on the surfaces of PPI dendrimers 6-8, which was determined by 1 H NMR. Only the mass spectrum of 8 (see electronic supplementary material) indicated a higher degree of substitution by maltotriose on the PPI surface when assayed by MALDI-TOF-MS compared with NMR.
We conclude that reductive amination is also applicable for the synthesis of maltotriose-modified PPI dendrimers of higher generations (third to fifth). This preferably leads to two bound maltotriose units per peripheral amino group. The mass spectrometry results (table 1 and figure 2; see figures in the electronic supplementary material) indicate a high degree of maltotriose substitution on the PPI dendrimer surface for which the fourth and fifth generations showed on average a lower degree of maltotriose substitution than theoretically predicted. Thus, reductive amination is highly efficient for converting higher generation PPI dendrimer surface with maltotriose units. Overall, reductive amination of parent PPI dendrimers has produced two complete series of glycodendrimers ranging up to the fifth generation (1-8), which have either dense maltose or maltotriose shells. Importantly, these are now synthetically available for further fundamental studies of their use in material and life sciences.
(b) Metal ion complexation of the glycodendrimers observed by UV/Vis spectroscopy
To gauge the complexation capacity of the glycodendrimers, a number of commercially available metal salts were used in a screening test. In addition to availability, the optical properties of UO 2 (VI), Cu(II), Ni(II), VO(IV), Ag(I) and Eu(III) were an important factor in their selection for this study. At this stage, we had no intention of focusing on the counter ion influence. However, we found that there is no dependence on counter ions detectable for Cu(NO 3 ) 2 and CuSO 4 (table 3; see electronic supplementary material). The metal ion complexation of the oligosaccharide-modified dendrimers 1-8 is mainly based on the presence of tertiary amino groups within the dendritic scaffold (table 1;  table S1 , electronic supplementary material). In other words, there are few secondary amino groups in the outer dendritic sphere that can also participate in metal ion complexation. These dense oligosaccharide-shelled dendrimers with low backfolding properties and preferred dendritic tertiary amino scaffold were selected for the metal complexation study in the aqueous phase using the metal ions Cu(II), Ni(II), VO(IV), Ag(I), Eu(III) and UO 2 (VI) and observed by UV/Vis spectroscopy. The metal complexation study was divided into two parts: (i) a third-generation PPI dendrimer 2 with maltose shell was used to study general complexation behaviour towards various metal ions. This was done by determining and comparing the metal ion-dendrimer complex ratio (n MeD ) and (ii) PPI dendrimers 1-8 were used in a detailed investigation of Cu(II) complexation in order to elucidate the influence of molecular structure, generation number and oligosaccharide unit on complexation behaviour. The results of both investigations are summarized in tables 2 and 3. n MeD was determined for Ni(II), Ag(I), Eu(III), VO(IV) and Cu(II) based on approaches described by Zhao et al. (1998) and Appelhans et al. (2007) . Further details are given in the electronic supplementary material. (c) Approach to determine n UO2D Figure 3 shows the absorbance spectra between 360 and 500 nm obtained by titrating 2 with UO 2 (VI). Both UO 2 (VI) and the complex absorb between 200 and 300 nm (shoulders; not shown in figure 3 ). Owing to this broad intersection region, use of an approach that considers the intersection of two extrapolated parts (Zhao et al. 1998) was inaccurate, but gave a rough estimation of between 30 and 40 for the maximum n UO2D value. An additional absorption of both the complexed and free UO 2 (VI) was observed between 380 and 500 nm (figure 3). Again, the extrapolation method was not applicable. Furthermore, it was observed that the maximum peak position is strongly dependent on the concentration ratio [UO 2 (VI)]/[2] (figure 3). With increasing concentrations of UO 2 (VI), a slight blue shift of this absorption was observed. Further analysis at a higher dendrimer concentration (0.001 M) demonstrated that, for [UO 2 (VI)] ≤ 0.001 M, the peak maximum is at 441.5 nm, independent of [UO 2 (VI)]. Furthermore, the absorption peak was approximated between 430 and 480 nm by means of a GAUSS function with the peak maximum at 441.5 nm and a width of 51 nm at half-height (figure 4b). Therefore, in this concentration range, nearly all ([UO 2 (VI)] was complexed by 2. Conversely, for pure UO 2 (VI), the approximation of the absorption peak was also possible in the 400 and 450 nm range with a GAUSS curve possessing a peak maximum at 424.5 nm and a half-width of 48 nm (figure 4a). The absorbance versus [UO 2 (VI)] relation is a linear one with correlation coefficients of 0.9975(2 + UO 2 (VI)) and 0.9977 ([UO 2 (VI)]). As can be seen, the molar extinction coefficient of UO 2 (VI) in the complex must be higher. Quantitative analysis yielded a factor of 1.6. Another conclusion can be drawn from the following fact: up to n UO2D = 8, the molar extinction coefficient related to the uranyl ions is independent of the number of uranyl ions complexed in one dendrimer macromolecule. There is an overlapping region for the spectra modelling such that, between 430 and 450 nm, the spectra of both pure UO 2 (VI) and its complex with 2 can be approximated by the corresponding GAUSS curves. For [2] = 0.0001 M and [UO 2 (VI)] < 0.012 M, peak positions were observed between 430 and 441 nm and therefore exactly in this region. This enabled us to calculate a calibration curve to determine n UO2D from the peak position by overlaying the corresponding GAUSS functions in dependence on the molar fractions of free UO 2 (VI) and UO 2 (VI)-2 complex (figure S17a, electronic supplementary material). The experimentally observed values can be found in figure S17b in the electronic supplementary material. For 11 UO 2 (VI) concentrations, the averaged values of the peak positions were read from the line in figure S17b in the electronic supplementary material. Then, by means of the calibration curve in figure S17a, electronic supplementary material, the corresponding molar fraction of the UO 2 (VI)-2 complex was determined. From these data and the [2] and [UO 2 (VI)] applied in this study, the n UO2D values were calculated (figure 5) according to equation (3.1),
The maximum UO 2 (VI) to dendrimer ratio was calculated to be 34. This approach is based on the assumption that the molar extinction coefficient of the complexed uranyl ions is independent of n UO2D . This point has been proven for an n UO2D up to 8 (discussed earlier). The validity of this assumption is furthermore supported by the above-mentioned fact that the extrapolation method, which is inaccurate here owing to the broad transition region, led to a maximum n UO2D value between 30 and 40.
(d) Comparison of n MeD for the third-generation glycodendrimer 2
The complexation study of the third-generation dendrimer 2 with a maltose shell revealed the following decreasing n MeD series: 34 for UO 2 (VI) > 16 for Ni(II) > 11 for VO(IV) > 9 for Cu(II) > 5 for Ag(I) > 2 for Eu(III). In other words, 2 is suited to complex different heavy and noble metal ions, as well as the lanthanide Eu(III) and the actinide UO 2 (VI) by the dendritic scaffold in the aqueous phase. In this context, the terms 'to complex' and 'complex' will be used generally to mean, for example, that metal ions can form strong complexes with the dendritic tertiary amino scaffold (Zhao & Crooks 1999; Diallo et al. 2008) or that physical encapsulation has occurred (Diallo et al. 2004) .
In the following, we discuss the n MeD , determined here along with results from the literature. To be comparable, previously reported data are considered only for samples obtained with no additional complexing ligands in the inner and outer spheres of the PPI dendrimers. One impressive finding was the large amount of UO 2 (VI) complexed in 2. This can only be explained by the strong interaction of actinide with the tertiary amino groups of the dendritic scaffold in 2 (Diallo et al. 2008) . For the UO 2 (VI) complexation, only 30 tertiary amino groups were present in the dendritic scaffold of the third-generation dendrimer. The complexation ability of excess uranyl is a common behaviour of aminoterminated PPI and PAMAM dendrimers (Diallo et al. 2008) . The unmodified fifth-generation PPI dendrimer could also complex about 140 UO 2 (VI) in the aqueous phase, although only 126 N atoms were present in the dendritic scaffold. In other words, we find that 2 is able to complex one-quarter of uranyl ions in comparison with the parent fifth-generation PPI dendrimer. Thus, primary amino surface groups are not required in dendrimers for complexation of UO 2 (VI) in a dendritic polyamino scaffold.
Complexation of Cu(II) and Ni(II) by the unmodified third-generation PPI dendrimer in MeOH previously revealed the complexation of eight cations in the outer sphere by the complexing unit of bis-(3-aminopropyl)amine (Bosman et al. 1997) . We found that a similar amount of Cu(II) was complexed by 2 in the aqueous phase, which had no specific complexing units, and nearly double the amount of Ni(II) complexed in the glyco-shelled dendritic environment. One can assume that the more physical encapsulation of Ni(II) in 2 results from a weaker interaction with the dendritic polyamine scaffold compared with the strong binding of Cu(II) in the scaffold observed here and in the literature (Zhao & Crooks 1999) .
The amount of VO(IV) complexed by 2 was slightly higher than that of Cu(II). The complex formation between VO(VI) and the dendritic polyamine scaffold in 2 was apparent by the appearance of a new absorption peak at 323 nm (figure S14, electronic supplementary material), which indicates another coordination sphere of VO(IV) in the dendritic PPI scaffold. Previous studies on vanadium-dendrimer complexes focused, for example, on the (hetero-)metal assembly in poly(phenylazomethin) dendrimers using VCl 3 (Imaoka et al. 2005; Takanashi et al. 2007 ) and molecular dynamics of vanadyl chelate complexes on PAMAM dendrimers (Wiener et al. 1996) ; thus, no direct comparison with our study can be made.
Ag(I) complexation by 2 had one of the lowest n MeD values. This implies that the molecular structure of 2 is not suited to complex large amounts of Ag(I) as opposed to other metal ions. An analogous complexation study with PAMAM dendrimers showed that Cu(II) interacts more strongly with interior dendritic tertiary amino groups than Ag(I) (Zhao & Crooks 1999) . Thus lower n AgD values were determined compared with those using PAMAM dendrimers (Diallo et al. 2004; Banyai et al. 2005) . A similar complexation behaviour towards Cu(II) and Ag(I) can be assumed for the glycodendrimer 2. Furthermore, the UV/Vis spectra of Ag(I)-dendrimer complexes did not show any plasmon peaks (λ = 400-500 nm) for the undesired formation of Ag particles (Esumi et al. 2000; Ottaviani et al. 2002) under the given experimental conditions. Although the complexation behaviour of Ag(I) towards different PAMAM dendrimers is well studied (Ottaviani et al. 2002; Banyai et al. 2005) , Ag(I) complexation for determining n AgD of parent and surface-modified PPI dendrimers has not been reported in detail. Previous studies mainly focused on Ag(I) complexation and Ag particle formation by various PPI dendrimers (Esumi et al. 2000 (Esumi et al. , 2005 . The lowest value for n MeD is given for the lanthanide Eu(III); thus, it possesses the lowest interaction properties with the dendritic PPI scaffold and only some physical encapsulation of Eu(III) in 2 occurs.
(e) Cu(II ) complexation of glycodendrimers with a dense maltose or maltotriose shell
The successful complexation of various metal ions by 2 encouraged us to investigate Cu(II) complexation using higher dendrimer generations with variations in the oligosaccharide shell structure (table 3; figures S15 and S16, electronic supplementary material). From table 3, the following conclusions can be drawn.
(i) Both glycodendrimers series, 1-4 with a dense maltose shell and 5-8 with a maltotriose shell, show generation-dependent Cu(II) complexation. (ii) In comparison with the n CuD value for the parent PPI dendrimers in MeOH (Bosman et al. 1997) , most glycodendrimers possess a similar Cu(II) complexation capacity. Thus, the n CuD value of glycodendrimers 2, 3, 4, 6 and 7 differs only in the range of 6-12% from those of the parent dendrimers. Both second-generation dendrimers 1 and 2 and the fifthgeneration dendrimer 8 display a slightly stronger difference for the Cu(II) complexation capacity than the parent PPI dendrimers (25% for 1 and 2, corresponding to 1 Cu(II) fewer; 22% for 8, corresponding to 7 Cu(II) fewer; table 3). Thus, higher generation glycodendrimers, possessing only a dendritic tertiary amino scaffold and no complexing surface groups, are suited to complex surprisingly large amounts of Cu(II). (iii) The nature of the attached oligosaccharide shells on the PPI dendrimer surface has no significant influence on Cu(II) complexation by the glycodendrimers. It is therefore possible that the dendritic PPI scaffold is mainly responsible for Cu(II) complexation.
The UV/Vis study did not indicate whether the coordination and location of the Cu(II) ions occurred at both the external and internal surfaces of the glycodendrimers. The only other experimental techniques available to provide such further detailed information are EPR and extended X -ray absorption f ine structure (EXAFS) (Ottaviani et al. 1994; Tran et al. 2004 ).
(f ) Cu(II ) complexation of glycodendrimers observed by electron paramagnetic resonance technique
Previous EPR studies on low-generation PPI dendrimers with aliphatic surface groups outlined different coordination spheres (Cu−N 2 O 2 and Cu−N 3 O 2 in different geometries), with increasing Cu(II) concentrations in organic solution (Domracheva et al. 2004) . We found that Cu(II) is localized in different sites, internally and at the periphery (externally), of glycodendrimers in water solutions. Cu(II) coordination is affected by the nature of the functional groups in the periphery (NH 2 or tertiary amino groups bearing maltose or maltotriose units), the generation (generations 2-5, termed G2-G5) and the Cu(II)/dendrimer ratio. Different equilibration times (0-24 h) did not influence the results. The spectral features and magnetic parameters obtained from the simulation indicated two main geometries of the complexes: axial, characterized by g 1 >> g 2 ≥ g 3 , and rhombic, characterized by g 1 > g 2 > g 3 . In figure 6 , the spectra of different dendrimer generations with a maltose shell (Gn-maltose; n = 2 − 5) + Cu(II) at concentration 0.01 M and 298 K are shown as examples of measurements at room temperature. The three-line feature at high field arises from a nitroxide impurity used as g reference ( g = 2.006). In all cases, the room temperature spectra are characteristic of slow motion conditions of Cu(II), since the copper ions are trapped in the dendrimer structure. The anisotropic g and A components are already well resolved at room temperature and progressively change towards a rigid motion by decreasing the temperature; at temperatures below 250 K, the spectra do not change any more. An increase in temperature leads to a progressive and slow loss of the anisotropy, and the spectra at 318 K mostly become very complicated owing to different components in different motion regimes (from fast to slow: data not shown). The superposition of different components in different motion regimes already at room temperature renders the analysis unreliable since too many parameters are needed for the computation. Conversely, the low-temperature spectra need only g i , A i and line width values for the computation, and the analysis is reliable when the different components are extractable from the overall line shape.
At 150 K, the amino-terminated dendrimers, from G2 to G5, show spectra that are similar to those previously reported for amino-terminated PAMAM dendrimers (Ottaviani et al. 1997 (Ottaviani et al. , 2000 (Ottaviani et al. , 2002 . On the basis of the magnetic parameters obtained from the computation of the low-temperature spectra, almost square planar Cu−N 4 complexes with water molecules in the axial positions were formed in Cu(II) concentrations ranging from 0.01 to 0.1 M. An example of the experimental and computed patterns is shown in figure 7 for the G4-PPI-NH 2 dendrimer. (
g) Influence of glycodendrimer generation on Cu(II ) binding: electron paramagnetic resonance study
When the amino groups are substituted by maltose or maltotriose units, the Cu(II) complex structure completely changes, depending on the experimental conditions (concentrations), generation number and the nature of the sugar moieties. EPR spectra in figure 8 show the effects of generation (G2 to G5 ) on Cu(II) binding by the maltose-functionalized PPI dendrimers, measured at 150 K, and with a Cu(II) concentration of 0.01 M. For glycodendrimer 1 (G = 2) and 2 (G = 3) ( figure 8a,b) , the spectra are characteristic for an almost axial coordination, but comparison with the parameters in the literature (Peisach & Blumberg 1974; Addison 1983; Solomon & Hanson 2006) indicates an equatorial distortion of a square bipyramidal structure; the spectrum is fitted by two components: (i) g ii = 2.035, 2.120, 2.277; A ii = 5G, 25, 145G+ and (ii) g ii = 2.050, 2.130, 2.295; A ii = 5G, 25G, 115G. Component (i) is 65 per cent for 1. This component was attributed to a Cu−N 2 O 2 or Cu−NO 3 coordination, corresponding to a square planar symmetry with a small but not negligible trigonal distortion. The less intense (35%) component (ii) was attributed to a Cu−O 4 coordination. The nitrogen-rich coordination increases its relative intensity for 2 (up to 80%) at the expense of the oxygen-rich coordination. This coordination indicates that Cu(II) ions are internalized within the dendrimer structure and that nitrogen coordination becomes more favoured when the dendrimer structure becomes more rigid with a larger number of nitrogen sites.
For glycodendrimers 3 (G = 4) and 4 (G = 5) ( figure 8c,d ), the spectra show two contributions from two geometries, indicated as axial and rhombic. The contributions were extracted by subtraction of the two experimental spectra. Dendrimer 4 showed a larger rhombic relative amount than 3, with 80 per cent axial and 20 per cent rhombic for G4 and 50 per cent axial and 50 per cent rhombic for G5. Computations of the axial and rhombic contributions are shown in
2600 2800 3000 3200 3400 3600 2400 2600 2800 3000 3200 3400 3600 2400 2600 2800 3000 3200 3400 3600 magnetic field (G) 2400 2600 2800 3000 3200 3400 3600 magnetic field (G) figure 9a,b, respectively. It is interesting that, for the axial contribution attributed to the glycodendrimers 3 and 4, the computation again needed the addition of two components: 60 per cent, g ii = 2.025, 2.110, 2.260 and A ii = 5G, 5G, 175G+ and 40 per cent, g ii = 2.035, 2.120, 2.277 and A ii = 5G, 25G, 145G. The 40 per cent component is the same as component (i) found for G2 and G3 and can be attributed to a Cu−N 2 O 2 or Cu−NO 3 coordination. Conversely, the 60 per cent component may be attributed to a Cu−N 4 coordination, as it shows a further increase in A zz and a correspondent decrease in g zz with respect to the 40 per cent component. Thus by increasing generation, the axial component of copper decreases its relative intensity since a rhombic symmetry appears. But, this axial component modifies towards a nitrogen-rich coordination: essentially, this nitrogen complexation site for Cu(II) coordination may be identified in the less congested area within the dendrimer. The smaller the dendrimer, the more mobile the branches become and more Cu(II) ions retain an axial symmetry where the maltose unit and water molecules can also coordinate Cu(II). The bigger the dendrimer, the larger the amount of nitrogen sites available for the axial coordination. The rhombic component attributed to glycodendrimers 3 and 4 is also constituted by two contributions: 60 per cent, g ii = 2.010, 2.100, 2.190 and A ii = 10G, 2G, 7G and 40 per cent, g ii = 2.005, 2.135, 2.280 and A ii = 35G, 25G, 20G. Such parameters correspond to a distorted trigonal bipyramidal structure with a mixed ligand coordination for oxygen and nitrogen (Hathaway & Tomlinson 1970; Saha et al. 2003; Koyama et al. 2008; Kurzac et al. 2008) . R = (g 2 − g 1 )/(g 3 − g 2 ) (Cheruzel et al. 2006) , describing that the ground state for Cu(II): R > 1, indicates a d z 2 ground state, whereas R < 1 indicates a d x 2 −y 2 ground state. We found that the 60 per cent component has R = 1 and the 40 per cent component has R = 0.9. So, the g anisotropy is in line with a strong distortion of the square pyramidal geometry towards a trigonal bipyramidal geometry, which leads to a lowering of the d x 2 −y 2 energy. This trigonal bipyramidal geometry is absent for the amino-terminated dendrimer and is attributed to coordination of Cu(II) with the maltose groups and congestion of the dendrimer periphery owing to the maltose groups themselves. Therefore, the increase in the relative intensity of this rhombic component by increasing the generation arises from the insertion of Cu(II) in the more congested external branches of the dendrimers. This also means that the participation of hydroxyl groups from maltose in the coordination of Cu(II) is more reliable.
(h) Influence of oligosaccharide unit on Cu(II ) binding: electron paramagnetic resonance study
We next investigated the effect of the oligosaccharide component of the dendrimer on Cu(II) binding by substituting a maltotriose shell for the maltose one. The corresponding experimental EPR spectra (G2-G5) are shown in figure 10 . Figure 10a shows the experimental spectra of G3-, G4-and G5-maltotriose, which consist of both an axial and a rhombic component. These were obtained by subtracting the experimental spectra from dendrimers of different generations. Dendrimers with a maltotriose shell show the contribution of a rhombic component already by generation 3 (glycodendrimer 6), 2400 2600 2800 3000 3200 3400 3600 magnetic field (G) 2400 2600 2800 3000 3200 3400 3600 magnetic field (G) (a) ( b) Figure 10 . (a) Experimental EPR spectra of 6 (black line: G3-maltotriose (75% axial + 25% rhombic)), 7 (red line: G4-maltotriose (30% axial + 70% rhombic)) and 8 (green line: G5-maltotriose (40% axial + 60% rhombic)) glycodendrimers (0. as the constraint exerted by the sugar functions in the periphery is stronger for maltotriose than for maltose. The experimental spectrum of G2-maltotriose (glycodendrimer 5) almost corresponds to the sole axial component (figure S18, electronic supplementary material), which was the same observed for all glycodendrimers 5-8, and was the same axial component described for 3 and 4 with a maltose shell. This means that, compared with maltose, the maltotriose units favour the copper coordination with four nitrogen sites even at the lowest generation. This is again due to the constraint induced by the maltotriose units and the larger size and rigidity of the dendrimer structure at the lower generations. The extracted rhombic component for the dendrimer generations with maltotriose shells was computed (figure 10b) with different parameters from those used for the rhombic component of glycodendrimers with maltose shells: 80 per cent, g ii = 2.028, 2.110, 2.200 and A ii = 85G, 35G, 85G and 20 per cent, g ii = 2.060, 2.163, 2.340 and A ii = 80G, 103G, 70G. First, the A ii values for the rhombic component of 6-8 are much greater than those of 3 and 4. Similar sets of values for the g and A components were found in the literature for Cu(II) complexes with a structure changing from square bipyramidal to trigonal bipyramidal, with five nitrogen ligands (Ohtsu et al. 2001; Kurzac et al. 2008) . Also with thiolate ligands, a similar distorted trigonal bipyramidal structure is formed (Brader et al. 1992) . In these cases, as for the dendrimer generations with maltose shells, the ligand size and geometry forced the structure to geometrical distortions. However, the maltotriose functionalization of the PPI dendrimers further increases the A i values owing to richer and/or stronger N-ligand coordination. The R = (g 2 − g 1 )/(g 3 − g 2 ) value for the 80 per cent species is 0.9, whereas for the 20 per cent species it is 0.58. In the first case, the ground state is shifting from the d x 2 −y 2 to the d z 2 ground state, whereas in the second case, the d x 2 −y 2 ground level is preferred, but the A ii anisotropy indicates that a nitrogen ligand is approaching the copper nucleus in the Y -direction. Finally, we investigated the effect of increasing Cu(II ) concentration on the EPR spectra. By increasing the concentration starting from 0.01 M, the spectra of the sugar functionalized dendrimers completely changed. We observed a progressive disappearance of the rhombic components and a progressive broadening of the axial components arising from nitrogen coordination. Figure 11a shows, as an example, the experimental spectrum recorded for G4-maltose, glycodendrimer 3, with a 0.1 M concentration of Cu(II). The experimental spectrum is constituted by two components. These components were easily extracted by subtraction since they showed the same line shape but different relative intensities for different generations. The axial component shown in figure 11a was computed with the parameters g ii = 2.083, 2.101, 2.428 and A ii = 5G, 5G, 118G. These parameters are characteristic of a Cu−O 4 coordination because of Cu(II) coordinating oxygen ligands after saturation of the internal sites. The other component is a broad signal (red line, figure 11a) arising from an axial structure, but not showing any resolution of the g and A components. This signal arises from Cu(II) complexes at a high local concentration. We suggest that the Cu(II) ions concentrated internally within the dendrimer provide this broad signal (spin-spin interactions). The rhombic components are not visible anymore in this situation. It is interesting to note that the amino-functionalized dendrimers show a resolved Cu−N 4 coordination at this Cu(II) concentration, as previously found for the amino-functionalized PAMAM dendrimers (Ottaviani et al. 1997) .
This means that the sugar units lead to a lower capacity of the dendrimers to internalize Cu(II) at the different nitrogen sites, like a structural barrier that partially impedes Cu(II) localization in the internal dendrimer generations.
By changing the generation, the relative intensity of the two components changes, as shown in figure 11b , which shows the spectra at 150 K obtained for the glycodendrimers 1-4 (Gn-maltose) with a Cu(II) concentration of 0.1 M at different generations. Calculation of the relative intensities of the two components provided the variation of the percentage of the broad signal as a function of generation (left insert, figure 11b ). The intensity of the broad component linearly decreases with the increase in generation. This is owing to the larger amount of Cu(II) involved in axial A ii -resolved coordination since the available external surface sites increase by increasing the dendrimer size. Glycodendrimers 5-8 with a maltotriose shell show the same components and variation trend of relative intensity as the glycodendrimers with a maltose shell, but the broad component is slightly less broad for the fourth-generation glycodendrimer 7 with a maltotriose shell than the one with a maltose shell (3) (right inset in the top tight corner, figure 11b ). This surely arises from a lower local concentration of Cu(II) inside the dendritic scaffold owing to the larger size of the maltotriose units. This last conclusion is supported by the experimental finding of lower n CuD values for higher generations with maltotriose shells (table 3).
Conclusion
In summary, we find that reductive amination is a highly efficient tool for synthesizing third-to fifth-generation PPI dendrimers with densely organized maltotriose shells mostly having two maltotriose units per peripheral amino group. We used UV/Vis titration and EPR experiments to intensively study the Cu(II) complexation behaviour of a series of PPI dendrimers ranging up to the fifth generation that had either a dense maltose (Klajnert et al. 2008) or maltotriose shell (first and second generations in Appelhans et al. (2007) . All glycodendrimers are characterized by an extended dendritic tertiary amino group scaffold surrounded by a dense oligosaccharide shell for metal ion complexation.
The dense-shell third-generation glycodendrimer 3 was used to study the different complexation capacities of these glycodendrimers towards various metal ions [Cu(II), Ag(I), VO(IV), Ni(II), Eu(III) and UO 2 (VI)] in the aqueous phase and n MeD was determined. We found that the binding capacity is very high towards UO 2 (VI) and very low for Eu(III). The different complexation capacity is mainly governed by the structural features of the glycodendrimers, but also by the metal ion itself, which prefers different ligands for specific complex formation. Additionally, physical encapsulation during metal complexation can be considered as a possible driving force; for example, in the case of the high n MeD for UO 2 (VI).
The Cu(II) complexation of both series of dense-shell glycodendrimers showed generation-dependent complexation behaviour, which is similar to their parental counterparts in organic solution. The computer-aided analysis of EPR spectra recorded for copper nitrate solutions containing the glycodendrimers showed that both the Cu(II) coordination and symmetry of the generated complexes depend on the functionalization in the periphery (maltose or maltotriose), dendrimer generation and the ratio of the copper and dendrimer concentrations. Both axial and rhombic symmetries were found. As generation increased, the maltosefunctionalized dendrimer showed increased nitrogen coordination in the axial symmetry, which was expected given the increased number of nitrogen sites in the dendrimer interior. At higher generations, the structural distortion in the congested dendrimer periphery leads to the rhombic structure, in which maltose units are also able to coordinate the copper ions. In the case of maltotriose glycodendrimers, nitrogen coordination increased for both the axial and the rhombic geometries (figure S19, electronic supplementary material) owing to the large size of the maltotriose units relative to the maltose units and the fact that rhombic geometry is already favoured in low generations. Saturation of the external sites as copper concentration increases leads to copper coordination in the dendrimer periphery that also involves sugar and the water molecules.
Our findings can be further applied to aid development of targeted dendritic macromolecules that can substitute for protein function in metal ion transport (Kodama & Fujisawa 2008) . In particular, the fourth-and fifth-generation glycodendrimers appear to be good candidates for Cu(II) carrier systems in a biological environment.
